A significant problem that is encountered with the traditional Fabry-Pérot cavity (FPC) antenna is the nonuniform phase distribution inside the cavity, which adversely affects the radiation characteristics of the antenna. In this paper, a novel methodology is proposed to further enhance the gain of the FPC antenna. A metasurface with a controllable reflection phase is designed to correct the phase distribution to a nearly uniform distribution, thereby enhancing the antenna gain. The unit cell of the metasurface is a simple substrate with two patches. The top layer patch is sufficiently large to provide high reflectivity, whereas the bottom layer patch has a variable size to tune the reflection phase of the unit cell. Using the proposed formula, a metasurface with a reflection phase correction is designed. The antenna gain is further enhanced, and high aperture efficiency is obtained. A prototype antenna is fabricated and measured. The measured results are in very good agreement with the simulated results. The measured results show that the antenna has a 3 dB gain bandwidth of 4% (9.8 GHz -10.2 GHz). On average, a 2 dB gain enhancement is obtained Compare to the reference antenna. The maximum gain of the antenna reaches 19.7 dBi at 10 GHz with an aperture efficiency of 82.5%.
I. INTRODUCTION
The Fabry-Pérot cavity (FPC) antenna exhibits high gain low profile characteristics and has thus attracted considerable attention since its initial introduction [1] . The FPC antenna has a simple structure that is easy to fabricate, results in the widespread used. Recent research on the FPC antenna has mainly focused on improving the bandwidth [2] - [9] , realizing beam scanning [10] , realizing circular polarization [11] , [12] , reducing the RCS [13] and enhancing the gain and efficiency [2] , [14] - [21] . Among these objectives, enhancing the antenna gain is extremely important to significantly increase the aperture efficiency of the antenna.
Although the FPC antenna has high gain properties, the traditional antenna still exhibits defects that affect the gain. The most important problem is the nonuniform phase on the antenna aperture, and magnitude distribution also needs to be improved. Numerous methods exist to improve these The associate editor coordinating the review of this manuscript and approving it for publication was Yang Yang . defects to further enhance the antenna gain [2] , [14] - [21] . One method is to compensate for the nonuniform phase on the antenna aperture plane [2] , [14] , [15] . A novel technique to design a dielectric phase correcting structure for an FPC antenna has been presented [14] . An all-dielectric phase correcting structure was designed to create a nearly uniform phase distribution on the antenna aperture plane. High gain and directivity and reduced side lobe levels are obtained by the proposed antenna. Second method is to correct the magnitude errors on the antenna aperture plane [16] - [18] . A singlelayer nonuniform partially reflecting surface (PRS) has been presented to realize a high-gain and wideband [17] . This PRS has a nonuniform double-sided printed dielectric that exhibits a negative transverse-reflection magnitude gradient with a progressive reflection phase gradient over frequency. The proposed antenna realizes an improved bandwidth and peak directivity. Both phase and magnitude corrections are adopted to enhance the performance of the FPC antenna [19] . A systematic approach is proposed to correct the electric near-field phase and magnitude over a wide band for FPC antennas [19] . A compact near-field correcting structure (NFCS), with a wide operational bandwidth, is designed to correct the nearfield phase errors while applying a cosine-squared distribution to the near-field magnitude. Both gain enhancement and wideband properties are obtained. The use of a phasecorrecting grating cover is also reported to enhance the gain of the beam scanning FPC antenna [20] , [21] .
The aforementioned reported methods to enhance the gain of the FPC antenna involve tuning either the phase of the near field of the aperture of the antenna or the transmission magnitude of the PRS. The nonuniform phase distribution on the antenna aperture plane is mainly caused by the nonuniform phase distribution in the internal cavity of the antenna. However, there are a few reports on the method that is based on tuning the reflection phase of the PRS to correct the nonuniform phase in the resonate cavity of the antenna. In this paper, a novel metasurface (MS) with reflection phase controllable properties is designed. The unit cell of the MS is a substrate with two patches. The top layer patch is sufficiently large to provide high reflectivity of the unit cell, whereas the bottom layer patch has a variable size to tune the reflection phase of the unit cell. An equation is proposed for the design of reflection phase of the MS to realize phase compensate of the FPC antenna. Thus the antenna gain is further enhanced and high aperture efficiency is obtained. This paper is organized as follows. In Section II, the detailed properties of the unit cell are presented. The analysis and design of the MS and the FPC antenna are described in Section III. In Section IV, the simulation and measurement results are presented. Finally, conclusions are drawn in Section V. Fig. 1 is a schematic of the FPC antenna. The antenna consists of three components: a PRS, a ground plane and a radiator in the middle of the cavity formed by the PRS and the ground plane. The electromagnetic waves emanating from the radiator experience multiple reflections and transmissions in the cavity. On the basis of the theory presented in [22] , the maximum directivity at the broadside is achieved when the equation (1) is satisfied, that is the waves exiting the cavity are in phase. In the equation above, λ 0 denotes the free space wavelength at the operating frequency, and ϕ S and ϕ D are the reflection phases of the PRS and the ground plane, respectively. Usually, the first resonance (N = 0) is adopted to maintain a low profile for the antenna. From Eq. (1), we can see that the parameters ϕ S significantly affect the resonate state in the cavity. When the operating frequency is fixed, h varies with the reflection phase of the PRS (ϕ S ). Thus, a low antenna profile can be achieved by optimizing ϕ S . Assuming that the size of the resonant cavity is infinite, the boresight directivity of the antenna relative to that of the feeding antenna can be calculated as [23] :
II. UNIT CELL DESIGN
where R denotes the reflection magnitude of the PRS. The equation above shows that, D r is a function of R. The directivity can be increased to some extent by increasing R. Thus, a high reflectivity of PRS is necessary for a high gain FPC antenna. Experience shows that the maximum directivity is obtained when R is approximately 0.9 -0.95. The antenna directivity is also related to the resonance state in the cavity. Below, we design a phase-gradient MS to improve the resonance state and enhance the gain of the FPC antenna. The proposed phase-gradient MS is composed by the unit cell whose configuration is represented in Fig. 2 . The unit cell has a size of 10 × 10 mm 2 . It consists of two square patches located on the top and bottom sides of the substrate.
The substrate is F4B (ε r,sub = 2.65, tanδ = 0.0017) with a thickness of 1.6 mm. Fig. 2 (a) is the top view of the unit cell, (b) is the side view, and (c) is the bottom view. The simulation model of the unit cell in the HFSS is shown in Fig. 2 (d) . Master-slave boundaries are set along the x and y directions of the unit cell, and Floquet ports are set along the z direction. The incident plane wave propagates toward +z direction in the simulation. The top patch is sufficiently large to provide a large reflectivity for the unit cell (w 1 = 9mm), and the bottom patch is used to control the reflection phase of the unit cell. Fig. 3 shows the simulation reflection coefficients of the unit cell when w 2 = 4 mm. We can see that, the reflection magnitude of the unit cell is approximately 0.95 at 10 GHz. Next, we simulate the reflection coefficients of the unit cell while varying w 2 . The simulation results at 10 GHz are shown in Fig. 4 . When w 2 is varied from 0 to 9, the reflection phase of the unit cell decreases from 150 • to −170 • , whereas the reflection magnitude of the unit cell is always larger than 0.9. This result shows that the proposed unit cell can realize reflection phase manipulation while maintaining a large reflectivity. Thus the MS formed by this unit cell exhibits a high reflectivity with the desired reflection phase distribution.
III. METASURFACE AND ANTENNA DESIGN
As an important part of the FPC antenna, the feed antenna should have a good performance. In this design, a slot coupled patch antenna, shown in Fig. 5 , is chosen as the feeder for stable broadside radiation. This antenna consists of two substrates with identical materials (F4B, ε r,sub = 2.65, tanδ = 0.0017) but different thicknesses (h 1 = 1.6 mm and h 2 = 0.8 mm). A ground plane with a rectangular slot under the radiation patch is located between the two substrates. The radiation patch is printed on the top side of the upper substrate, and the feeding line is printed on the bottom side of the lower substrate. A 50 SMA connecter is used to feed the antenna from the edge of the substrate. The dimensions of the feed antenna and the unit cell are shown in Table 1 .
For a high gain antenna, a large size is preferred because to alleviate wave diffraction at the edge. However, considering the aperture efficiency, a compromise is adopted using the following method. The directivity of the proposed antenna is written as [23] :
where D f is the directivity of the feed antenna (approximately 4.96 dBi), and D r is about 15.48 dBi from equation (2) with R = 0.945. Thus, the directivity of the proposed antenna is approximately 20.4 dBi. Similar to a radiating aperture, the FPC antenna also has a Gaussian distribution with the magnitude of the electromagnetic field. Thus, to obtain the desired directivity, the antenna size can be estimated using the following equation [23] , [24] :
where A is the size of the square surface of the proposed antenna. An efficiency factor of 80%, which is deduced from a set of simulations, is used to modify the equation [24] .
Considering the period of the unit cell and the objective of obtaining a high aperture, the size of the antenna is determined to be 3.6 λ 0 × 3.6 λ 0 , which allows a directivity of 20.1 dBi. Consequently, the MS, with a dimension of 90 × 90 mm 2 and 9 × 9 units, as shown in Fig. 6 , is used as the PRS to design the FPC antenna. The proposed MS is combined with the feed antenna to create the FPC antenna. The model of the proposed FPC antenna in HFSS is shown in Fig. 7 . First, we design an MS with a uniform phase distribution as a reference. MS1 consists of a unit cell with w 1 = 9 mm and w 2 = 4 mm. The top and bottom views of MS1 are shown in Fig. 6 (a) and (b), respectively. From Fig. 3 , we find that a reflectivity of 0.94 and a reflection phase of 104 • for MS1. The FPC antenna generated by MS1 and the feed antenna is named Antenna 1. Using the reflection phase of MS1 and Eq. (1), we obtain a height h = 11.8 mm for antenna 1. After optimization by HFSS, h is set to 12 mm. The simulated results of Antenna 1 are compared with those of the feed antenna in Figs. 8 and 9 . Fig. 8 shows S11 for Antenna 1, and Fig. 9 shows the gain of Antenna 1. The S11 of Antenna 1 is similar to that of the feed antenna. This result shows that incorporating the MS above the feed antenna does not affect the reflection coefficients of the antenna. Antenna 1 exhibits a large gain enhancement over that of the feed antenna. The maximum gain enhancement reaches 13 dB at 10 GHz.
To increase the gain of the FPC antenna further, MS2 is designed with a particular reflection phase distribution. Leading reflection phase at the edge and lagging reflection phase at the center are endowed to MS2. When a wave reflects off a surface, the reflected wave will tilt toward the region that has a lagging phase. Thus the lagging reflection phase at the center helps to concentrate the electromagnetic wave in the resonate cavity, thereby enhancing the antenna gain. We set the reflection phase to change linearly from the center to the edge. The reflection phase can be calculated using the following equation:
x = −4, −3, −2, −1, 0, 1, 2, 3, 4 y = −4, −3, −2, −1, 0, 1, 2, 3, 4
where ϕ xy denotes the reflection phase of the unit cell at (x, y), as shown in Fig. 10 (a) ; ϕ 0 denotes the reflection phase of the unit cell at the center (0,0) of MS2, and k is a phase compensation factor. The width of the bottom patch of the unit cell at (0, 0) is set at 5 mm, which fixes ϕ 0 at -63 • . The reflection phases of the other unit cells are calculated using Eq. (5), and the sizes of the bottom patches of the other unit cells are obtained from Fig. 4 , as shown in Fig. 10 (b) . The antenna formed by the MS2 and the feed antenna is named Antenna 2. Except for the adopted MS, the other components of the two FPC antennas are identical. Antenna 2 is also simulated by HFSS, and the phase compensation factor k is determined through simulations. Fig. 11 shows the simulated gain of Antenna 2 for different values of k and the gain of the Antenna 1. We can see that the FPC antenna with MS2 has a larger gain than the antenna with MS1. The highest gain performance of antenna 2 is obtained for k = 0.03. The gain enhancement by the Antenna 2 is on average 2 dB more than that by Antenna 1. To clearly determine the reason for the antenna gain enhancement, we observe the phase distribution of the antenna. Reference plane 1 is inside the cavity of the antenna, and plane 2 is outside the cavity. The distance between the reference planes to the MS are all 1 mm. The phase distribution at the reference plane 1 is shown in Fig. 12 . We can see that Antenna 1 has a nonuniform phase distribution in the resonate cavity. Using MS2, the phase difference between center and edge of the cavity decreases. As a result, the antenna gain enhanced. When k = 0.03, the antenna has a nearly uniform phase distribution in the cavity and realize a highest gain. The simulator cannot distinguish between a forward traveling wave and a backward traveling wave. Thus, the phase distribution shown in Fig. 12 is the phase of the incident wave plus that of the reflected wave. Next, we plot the phase distribution for plane 2 in Fig. 13 . The same trend shown in Fig. 12 for the phase variation is also seen in Fig. 13 . That is, when k = 0.03, the antenna has a nearly uniform phase distribution both inside and outside the cavity. Thus, k is set to 0.03 to obtain the maximum gain enhancement, and the bottom view of the MS2 is shown in Fig. 10 (b) . The S11 of antenna 2 for different values of k are similar to those for the feed antenna and are not shown for simplicity.
IV. SIMULATED AND MEASURED RESULTS
A prototype of antenna 2 is fabricated and measured. The unit cells at the four corners of the MS are removed and replaced by four holes, which are used to accommodate dielectric spacers to support the MS suspended on the feeding antenna.
The simulation results show that this modification does not affect the performance of the antenna. Photographs of the fabricated FPC antenna and the measurement environment in the anechoic chamber are presented in Fig. 14. The reflection coefficients of antenna 2 are measured by the vector network analyzer. In Fig. 15 , the simulated and measured S11 are plotted for antenna 2 and the feed antenna. The S11 of antenna 2 is similar to that of the feed antenna, and the measured results agree well with the simulated results. The simulated −10 dB bandwidth of the antenna is 9.92 -10.08 GHz and the measured −10 dB bandwidth is 9.91 -10.1 GHz. The simulated and measured realized gains of antenna 2 are shown in Fig. 16 . Good agreement is obtained between the simulated and measured results. The measured maximum gain of the antenna is 19.7 dBi at 10 GHz, which is 0.3 dBi less than the simulated result. The aperture efficiency of the proposed antenna is calculated to be 82.5%. Antenna 2 achieves a maximun gain enhancement of 14.9 dB over that of the feed antenna. The measured 3 dB gain bandwidth of the antenna is 9.76 -10.14 GHz, which is larger than the impedance bandwidth.
Another important performance of the antenna is the radiation patterns. The radiation patterns of antenna 2 are measured in an anechoic chamber. The simulated and measured radiation patterns in the xoz and yoz planes at 10 GHz are plotted in Fig. 17 . The antenna exhibits good radiation characteristics, with a side lobe level less than −12 dB and a cross-polarization level less than −23 dB. The measured main lobe of antenna 2 in the yoz plane agrees well with the simulated results and the measured main lobe in the xoz plane is a little wider than the simulated result. Table 2 is a comparison of the proposed antenna with previously reported antennas. The antenna that is designed with the proposed method can realize a high gain and high aperture efficiency with a very low profile.
V. CONCLUSION
A reflection phase controllable unit cell is proposed in this paper. An MS based on this unit cell with a uniform reflection phase is used to form a high gain FPC antenna with a slot coupled patch antenna. To further enhance the gain of the FPC antenna, a novel methodology is proposed to design an MS with leading reflection phase at the edge and lagging reflection phase at the center. The designed reflection phase distribution increases the gain of the FPC antenna. A prototype antenna is fabricated and measured. The maximum gain of the FPC antenna reaches 19.7 dBi, which is 2 dBi higher than the reference antenna and 14.9 dB higher than the feed antenna. The proposed antenna also exhibits good radiation pattern performance. The proposed method can also be applied for the gain enhancement of other FPC antennas.
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